The nucleus accumbens core (NAc) has long been recognized as an important contributor to the computation of reward value that is critical for impulsive choice behavior. Impulsive choice refers to choosing a smaller-sooner (SS) over a larger-later (LL) reward when the LL is more optimal in terms of the rate of reward delivery. Two experiments examined the role of the NAc in impulsive choice and its component processes of delay and magnitude processing. Experiment 1 delivered an impulsive choice task with manipulations of LL reward magnitude, followed by a reward magnitude discrimination task. Experiment 2 tested impulsive choice under manipulations of LL delay, followed by temporal bisection and progressive interval tasks. NAc lesions, in comparison to sham control lesions, produced suboptimal preferences that resulted in lower reward earning rates, and led to reduced sensitivity to magnitude and delay within the impulsive choice task. The secondary tasks revealed intact reward magnitude and delay discrimination abilities, but the lesion rats persisted in responding more as the progressive interval increased during the session. The results suggest that the NAc is most critical for demonstrating good sensitivity to magnitude and delay, and adjusting behavior accordingly. Ultimately, the NAc lesions induced suboptimal choice behavior rather than simply promoting impulsive choice, suggesting that an intact NAc is necessary for optimal decision making.
A B S T R A C T
The nucleus accumbens core (NAc) has long been recognized as an important contributor to the computation of reward value that is critical for impulsive choice behavior. Impulsive choice refers to choosing a smaller-sooner (SS) over a larger-later (LL) reward when the LL is more optimal in terms of the rate of reward delivery. Two experiments examined the role of the NAc in impulsive choice and its component processes of delay and magnitude processing. Experiment 1 delivered an impulsive choice task with manipulations of LL reward magnitude, followed by a reward magnitude discrimination task. Experiment 2 tested impulsive choice under manipulations of LL delay, followed by temporal bisection and progressive interval tasks. NAc lesions, in comparison to sham control lesions, produced suboptimal preferences that resulted in lower reward earning rates, and led to reduced sensitivity to magnitude and delay within the impulsive choice task. The secondary tasks revealed intact reward magnitude and delay discrimination abilities, but the lesion rats persisted in responding more as the progressive interval increased during the session. The results suggest that the NAc is most critical for demonstrating good sensitivity to magnitude and delay, and adjusting behavior accordingly. Ultimately, the NAc lesions induced suboptimal choice behavior rather than simply promoting impulsive choice, suggesting that an intact NAc is necessary for optimal decision making.
The nucleus accumbens and its encompassing region, the ventral striatum, have consistently been associated with processing reward value in various capacities [e.g.,1,2-6]. As such, actions that are driven by translating estimations of reward value into behavior would likely be disrupted by damage to, and dysfunction of, the nucleus accumbens, specifically the nucleus accumbens core (NAc). One common behavior that utilizes reward processing is impulsive choice, which refers to the preference for a smaller-sooner (SS) reward over a larger-later (LL) reward when choosing the LL outcome is more optimal in terms of reward rate. A propensity to make impulsive choices has been linked with drug use and abuse, gambling, poor financial decisions, obesity, attention deficit hyperactivity disorder, schizophrenia, depression, and borderline personality disorder [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Consequently, there is considerable impetus to further elucidate the behavioral and neural correlates of impulsive choice behavior, as the health and well-being of several clinical populations may be impacted by impulsive decision making.
Nucleus accumbens core function has been linked to differences in impulsive choice [21, 22] , indicating a potentially important role of NAc dysfunction in diseases and disorders related to impulsive choice. Both permanent and reversible NAc lesions increase impulsive choice in rats [23] [24] [25] [26] . NAc lesions have been suggested to diminish rats' sensitivity to changes in the delay to reward [27] , such that the NAc may be critical for the discounting of reward value due to overestimation of reward delays [3, [28] [29] [30] [31] [32] . However, other studies have shown that NAc lesions did not affect sensitivity to changes in delay [33,also see 34] , but instead impaired sensitivity to changes in magnitude [33] . In addition, Moschak and Mitchell [35] reported that partial NAc inactivation did not affect rats' sensitivities to reward delay or magnitude, but ultimately reduced overall impulsive choice. These results support the key involvement of the NAc in governing self-control, but the specific mechanism(s) dictating these modulations remain undetermined. Given that impulsive choice involves a trade-off between reward delay and reward magnitude, a simple conclusion that NAc dysfunction impairs overall self-control may fail to identify the specific psychological mechanisms that are associated with NAc dysfunction. Instead, differences in processing reward delay and/or magnitude may better predict the degree of impulsive choice [36] . Specifically, impaired temporal and/or reward magnitude processing may underlie impulsive choice propensities [37] [38] [39] [40] ,also see 41] , indicating that there may be multiple, yet distinct, processes that lead to impulsive choice [36] . Ultimately, impulsive choice behavior inherently involves the ability to integrate and translate estimations of reward magnitude and delay into an overall decision. Therefore, dysfunction of a specific timing or reward process may encourage behavioral deficits (e.g., impulsivity) as well as deficits in the integration of timing and reward processes to form an overall value representation. Unfortunately, while previous research has addressed the critical involvement of the NAc in impulsive choice, it remains unclear as to whether the NAc is involved in processing reward magnitude (thereby leading to inabilities to choose larger rewards later), in processing reward delay (thereby leading to deficits in willingness to wait for larger rewards later), or in an overall value integration process.
The goal of the present pair of experiments was to effectively illuminate the deficits induced by neurotoxic lesioning of the NAc. However, unlike many previous experiments that have analyzed NAc lesion effects on time-based decision making [23,but see 24,26,e.g., 28 ], the present experiment tested the effect of NAc lesions on impulsive choice behavior when reward magnitude and delay were manipulated in separate experiments to isolate each of these components.
In previous studies of NAc lesion effects on impulsive choice, choice behavior was studied within more dynamic environments, in which the delays to reward increased systematically over the session [23, 28, 35] or as a function of the rats' recent choices [24, 26, 35] . Galtress and Kirkpatrick [33] employed a task in which the delay to the SS delay increased with each trial until a rat made an LL choice, at which point the SS delay was reset to 0 s. However, in this sort of dynamic task, inherently involving more complex forms of learning, it is difficult to definitively determine whether NAc dysfunction impairs the weighting of reward delay versus reward magnitude (i.e., impulsive choice). Indeed, adjusting delay tasks increase random behavior [42] and diminish temporal tracking of delays [see 43] . Accordingly, to effectively elucidate the specific effects of NAc lesions on impulsive choice behavior and to isolate the core processes of magnitude and delay sensitivity, the current experiments employed a steady state impulsive choice procedure in which the magnitude/delay to the LL reward was manipulated between blocks of sessions.
Following each impulsive choice task, the NAc lesioned and sham control rats performed secondary tasks of reward magnitude, temporal discrimination, and incentive motivation to work for delayed rewards, which have been shown to predict impulsive choice [37] [38] [39] . These secondary tasks were implemented in the same manner as in previous studies. Overall, this mechanistic approach facilitated determination of whether decision-making deficits produced by NAc dysfunction were driven by deficits in discriminating differential reward magnitudes (Experiment 1) and/or delays to reward delivery (Experiment 2).
The purpose of Experiment 1 was to determine the effects of NAc lesions on choice behavior in an impulsive choice task where the magnitude of reward for one of the alternatives was altered over phases. We also independently tested reward magnitude discrimination in a task where the delay to reward was the same for both options, to determine whether any NAc deficits in choice could be attributed to potential deficits in specific reward processes involved in reward magnitude discrimination. This reward magnitude discrimination task has been previously shown to predict impulsive choice behavior under magnitude manipulations [39] .
Experiment 2 sought to examine the role of the NAc in an impulsive choice task where the delay to reward was manipulated over phases to assess the NAc role in sensitivity to delay. Moreover, two secondary tasks were included: (1) a temporal bisection task assessed temporal discrimination, and (2) a progressive interval (PI) task assessed incentive motivation to wait for delayed rewards. These secondary tasks have been shown to predict impulsive choice behavior under delay manipulations [38] .
The use of secondary tasks in both experiments will provide important diagnostic information regarding the effects of NAc lesions on choice behavior. For example, if NAc lesions impair reward discrimination, then we would expect to see impairments in the reward magnitude discrimination task, and we should also see related impairments in impulsive choice (i.e., poorer reward discrimination should relate to increased impulsive choices under LL magnitude manipulations). A similar argument applies to delay processes, but here we will target both discrimination (bisection) and delay tolerance. Finally, it is possible that the NAc lesions may affect choice through a more general mechanism, in which case we would expect to see impairments in choice in both tasks. The pattern of performance across the collective tasks will increase our understanding of the mechanisms of NAc involvement in choice behavior.
Method

Animals
Each experiment involved twenty-four, male, experimentally-naïve Sprague Dawley rats (Charles River, Kingston, NY). They arrived at the facility (Kansas State University, Manhattan, KS) at approximately 26 days of age. The rats were pair-housed and maintained on a 12:12 h light:dark schedule (lights off at approximately 7 a.m.), with experimentation occurring during the dark phase of the cycle. There was ad libitum access to water in the home cages and in the experimental chambers. Prior to the surgical procedure, the rats were food restricted and maintained at approximately 85% of their projected ad libitum weight, derived from growth-curve charts obtained from the supplier. During the experiment, the rats received 45-mg grain-based food pellets (F0165, Bio-Serv; Flemington, NJ) in the operant chambers as well as supplemental rat chow.
Apparatus
Both experiments were conducted in 24 operant chambers (MedAssociates; St. Albans, VT), each housed within a sound-attenuating, ventilated box (74 × 38 × 60 cm). Each operant chamber (25 × 30 × 30 cm) was equipped with a stainless steel grid floor, two stainless steel walls (front and back), and a transparent polycarbonate side wall, ceiling, and door. Ad libitum access to water was available through a sipper tube that protruded through the back wall of the chamber. Two pellet dispensers (ENV-203), mounted on the outside of the front wall of the operant chamber, delivered 45-mg food pellets to a food cup (ENV-200R7) that was centered on the lower section of the front wall. Two retractable levers (ENV-112CM) were located on opposite sides of the food cup. The chamber was also equipped with a house light (ENV-215) that was centered at the top of the chamber's front wall, as well as two nose-poke key lights (ENV-119M-1) that were each located above the left and right levers. Experimental events were controlled and recorded with 2-ms resolution by the software program MED-PC IV [44] . Fig. 1 displays the timeline of the two experiments including surgery, behavioral testing, and histology. Because impulsive choice behavior was our primary target, we tested choice behavior immediately following surgery recovery, prior to any other training. As a result, the choice task was delivered prior to the secondary tasks to avoid any impact of those tasks on choice [see 38,39].
Procedure
Surgery
In both experiments, rats received a neurotoxic NAc lesion (n = 12) or a sham control lesion (n = 12) that were carried out by anesthetizing rats with isoflurane administered initially in an induction chamber at a concentration of 3-5% and a flow rate of 500 ml/min. The rats were then transferred to a face mask with a concentration of 1-3% and a flow rate of 500 ml/min to maintain an adequate level of anesthesia throughout the procedure. Periodic testing of pedal withdrawal reflex response and mild tail pinch response were used to monitor anesthesia levels. Rats were then placed on a stereotaxic frame and the scalp was shaved with clippers followed by application of a betadine surgical scrub and an isopropyl alcohol rinse. Once the scalp was dry, lidocaine was injected and an incision approximately 1-2 cm in length was made at the top of the head. The skull was exposed and bregma was located. Burr holes were made on either side of bregma through to dura with a precision dental drill mounted on the stereotaxic frame. After piercing dura and cleaning the drill site with isotonic saline, a 25 g, 1 μl Hamilton syringe was inserted to infuse either 0.5 μl of 0.09 M quinolinic acid in 0.1 M phosphate buffered saline (lesion group) or 0.1 M phosphate buffered saline (sham group) into the brain tissue. Infusions were made at lateral ± 1.8 mm, anterior-posterior +1.2 mm, and ventral −7.1 mm to bregma. Each infusion was made over a 2.5 min period and the infusion needle remained in place for an additional 2 min to allow for diffusion of the neurotoxin. The incision site was then closed using wound clips. The wound was treated with topical lidocaine and preventative antibiotic cream after closure. Rats recovered in the home cage for 14 days prior to the onset of experimentation.
Initial training
Initial training consisting of magazine and lever press training occurred following surgery recovery for both experiments. Magazine training involved the delivery of food pellets to the food magazine on a random-time 60-s schedule. Following magazine training, the rats were trained to press both the left and right levers. Lever press training sessions were partitioned into three within-session blocks. The first block trained each lever separately by delivering food pellets on a fixedratio (FR) 1 schedule of reinforcement until 20 food pellets were delivered for responding on each lever. The FR 1 was followed by a random ratio (RR) 3 schedule of reinforcement, where 3 responses were then required on average per reinforcer, which lasted until 20 reinforcers were delivered for responding on each of the two levers. The RR 3 was followed by an RR 5, which lasted until the rats earned 20 food pellets for responding on each of the two levers. During RR3 and RR5 blocks, both levers were extended initially, but once the requirement was completed on one lever then it retracted and the other lever remained until the requirement was completed. All the initial training was delivered as free-operant schedules without any intertrial interval (ITI). Sessions lasted until the total number of trials was completed or 2 h, whichever occurred first. Lever press training was scheduled for two sessions, but additional sessions were administered for any rats that failed to complete the initial sessions. Most lesion rats took several extra sessions (up to 11 total) to display reliable lever pressing.
Impulsive choice task
The impulsive choice task for both experiments occurred immediately following the initial training and was a modification of the Green and Estle [45] procedure that has been used in our laboratory previously [e.g.,43]. Each session consisted of a randomly intermixed series of free-choice and forced-choice trials. On free-choice trials, both the left and right levers were inserted into the chamber, corresponding to smaller-sooner (SS) and larger-later (LL) outcomes, with lever assignments counterbalanced across rats. Upon selection of one of the outcomes via a lever press, the cue light above the chosen lever illuminated and the other lever retracted. The choice initiated a delay (SS or LL) until food was available to be delivered; the first lever press following this delay caused the lever to retract, the cue light above the lever to turn off, food to be delivered, and a 60-s intertrial interval (ITI) to begin. Forced-choice trials were identical to free choice trials, except that only one lever was inserted into the chamber. Each session consisted of 54 free choice trials, 14 SS forced choice trials, and 14 LL forced choice trials, and lasted until all 82 trials were completed or 2 h elapsed.
The key manipulation in Experiment 1 was the magnitude of the LL outcome. The LL magnitude was delivered in an ascending series of 1, 2, and 4 pellets across phases, while the SS magnitude was always 1 pellet. Each phase lasted for 15 sessions with the same magnitudes delivered for the entire phase. All rats achieved choice stability by the end of each phase. Stability was defined as having a difference in choice behavior of no more than ± 20% from the mean of a three-day running average, and no indication of systematic changes. The SS and LL reward delays were maintained at 10 and 30 s, respectively, for the entire task.
The key manipulation in Experiment 2 was the duration of LL delay. The SS reward was 1 pellet after a 10-s delay and the LL delay was incremented from 10 to 30 to 60 s for a 2-pellet reward, with the phases delivered in the same fashion as Experiment 1. Each LL delay was delivered for 15 sessions until all rats reached choice stability, in which choice behavior fell with ± 20% from the mean of a three-day running average, and there was no indication of systematic changes.
Experiment 1: reward magnitude discrimination task
The reward magnitude task [see 39] occurred after the impulsive choice task and involved the simultaneous presentation of both levers, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] for which lever pressing was reinforced on concurrent variable-interval (VI) schedules of reinforcement. Variable intervals were used to induce steady rates of responding for analyzing response rate differences as a function of reward magnitude. Fixed and variable intervals appear to rely on common timing processes [46, 47] , so the use of variable intervals should not have any negative impact on generalization between this task and the timing that occurs in the choice task. The concurrent VI-VI task involved two VI 30-s schedules of reinforcement, in which food was primed t s following lever insertion. The values of t for each lever were drawn from independent exponential distributions with means of 30 s. Food was delivered following the first lever press after food was primed. The primary manipulation within the concurrent VI-VI task was reward magnitude on the VI 30-s schedule on the lever corresponding to the same lever as the LL outcome in the impulsive choice task. This was designated as the "large" lever. On the "small" lever, 1 pellet of food was delivered following completion of the VI 30. Reward magnitude on the large lever incremented across phases: 1, 2, and 4 pellets. Each session terminated after 2 h. Baseline training with the 1-pellet reward on both levers lasted for 10-11 sessions at which point all rats: (1) exhibited stable behavior with response rate deviations within ± 20% from the mean of a three-day running average, and no indication of systematic changes; and (2) were responding at similar rates on both levers. Subsequent phases lasted for 5 sessions each.
Experiment 2: bisection task, training
The bisection task occurred following the choice task for half of the rats; the other half received the progressive interval task. Rats were trained to distinguish between a short, 4-s, and a long, 12-s, signal light [see 38]. A trial began when the house light turned on and lasted for the short or long duration. Both levers were then inserted to collect a choice response used as a measure of the rat's discrimination of the duration of the signal. The lever assignments for the short and long delays were the same as in the choice task. Correct responses were rewarded with a single food pellet followed by a 15-s ITI. If the rat chose the incorrect lever, a correction trial began and was repeated until the correct response was chosen and food delivered. The ITI for correction trials was 5 s. The 4-and 12-s trials were randomly alternated within a session. Sessions ended after 2 h and there was no limit on the number of correction trials. Rats typically completed approximately 80 trials (approximately 40 short and 40 long). Training continued until the groups (both lesion and sham) had received a minimum of 10 sessions and had achieved a criterion of at least 80% correct on two consecutive sessions (some rats required 11 sessions to reach the criterion).
Experiment 2: bisection task, testing
Once training was completed, the rats received a series of test sessions with non-reinforced durations intermixed with normal training trials: 4, 5.26, 6.93, 9.12, and 12 s signal durations. Test trials were the same as training trials except that they were non-reinforced and did not incorporate any correction trials. Each test session lasted for 2 h; rats received approximately 7 test trials of each duration in a session and approximately 60 training trials (approximately 30 short and 30 long trials). Retraining sessions were scheduled to occur if group performance dropped below 80% correct, but these were not required. There were 10 total testing sessions. The tests yielded a psychophysical function relating the sample duration to the proportion of long responses.
Experiment 2: PI task
The PI task [see 38] consisted of 10 sessions of testing. The first 4 sessions delivered a 5-s increment, followed by 3 sessions at 10 s, and 3 sessions at 30 s. Trial onset began with the insertion of the left lever; the first response after the target delay resulted in delivery of 1 food pellet, lever retraction, and the onset of a 5-s ITI. The first delay in a session was equivalent to the PI increment (5, 10 or 30 s); the delay increased arithmetically by the PI increment (5, 10 or 30 s) for each subsequent trial. For example, if the PI increment was 5 s, the first delay would be 5 s, the second delay would be 10 s, then 15 s, etc. The PI continued to increment until the rat ceased responding for 10 min (a breakpoint), at which point the lever retracted. Following the breakpoint, a 10 min inter-block interval (IBI) began, and then the PI duration reset to the PI increment value for the beginning of the subsequent block. Each of the 10 sessions lasted until four break points were completed, or 2 h elapsed.
Histology
Upon the completion of behavioral testing in both experiments, rats were deeply anesthetized via intraperitoneal injections of sodium pentobarbital and subjected to transcardial perfusion with 0.1 M phosphate buffered saline, followed by 4% paraformaldehyde. Following perfusion, the animals' brains were extracted and soaked in 4% paraformaldehyde for 24 h, followed by dehydration in a 20% sucrose solution, after which the brains were flash-frozen with dry ice. Tissue spanning the extent of the nucleus accumbens core was sliced into 40 μm coronal sections, mounted onto gelatin-coated slides, and stained with cresyl violet. The extent of the lesions was assessed by bright-field microscopy to verify and map neuronal damage onto sections of a rat brain atlas [48] .
Data analysis
Analyses involved fitting generalized linear mixed-effects models with binomial response distributions and logit link functions to the data [49] . These models are comparable to repeated-measures regression analyses, allowing for parameter estimation of fixed effects (group-level variables) and random effects (individual differences) [49] [50] [51] [52] . Mixedeffects models have become the recommended analytical framework in psychology and neuroscience research [53] , allowing for greater generalization to the population [53, 54] , as random effects are calculated with respect to population means [50] .
Modeling of the fixed effects included all relevant variables and their interactions (see specific tasks for details). The models also included random effects and model selection was determined using the Akaike information criterion [AIC; 55]. The random effects selection also included assessments of over-parameterization so that the more parsimonious models were selected when significant correlations of random effects were observed [56] . The b-values that are reported for the model results are effect sizes in the form of unstandardized regression estimates.
Choice behavior
The regression model included all choices (entered as a binary variable; SS = 0 and LL = 1) during the last 5 sessions of each LL magnitude to assess steady state choice behavior at the end of each phase, while ensuring sufficient observations for computing stable random effects coefficients. The fixed effects structure included group (lesion vs. sham) and LL magnitude (1, 2, and 4 pellets) entered in a full factorial model, and intercept was included as a random effect. LL magnitude was treated as a continuous variable and group as a categorical variable that was effects coded (−1, +1) with the sham group as the reference. In Experiment 1, relative scaling of the LL magnitude was adapted from Wileyto et al. [57] : (LL magnitude − SS magnitude)/ LL magnitude. This produced an intercept of the model that corresponded to an estimate of delay preference when the two magnitudes were the same (1 pellet). In Experiment 2, the scaling of LL delay was coded as: (LL delay − SS delay)/LL delay. The intercept provided an index of magnitude preference at the point where the two delays were the same (10 s). By implementing relative scaling, magnitude and delay were both scaled from 0 to 1 so that the estimates of slopes are comparable across studies. In both experiments, the best-fitting model included Group × LL magnitude (or delay) as fixed effects in a full factorial model. The random-effects structure included intercept.
Experiment 1: reward magnitude discrimination task
The regression model included group and large-lever magnitude in a full factorial model. Intercept and large-lever magnitude were included as random effects. All variables were scaled and coded in the same fashion and model selection followed the same principles as in the choice task. Two different intercepts were tested by running two models with the same variables, but with different specifications of the model intercept. The first intercept tested lever bias when both levers delivered 1 pellet as the two schedules were identical, and thus we would expect to see random behavior without any group differences at this intercept. The second intercept tested preference for the large lever when it delivered 4 pellets, which provided a measure of reward magnitude discrimination when the two outcomes were maximally different. Here, we would expect to see group effects if the lesion altered reward magnitude discrimination.
Experiment 2: bisection task
The bisection analysis included all nonreinforced test trials, including the tests at the anchor durations. The best-fitting model of the temporal bisection data included Group × Signal Duration as fixed effects in a full factorial model. The random-effects structure included intercept and signal duration as a slope. In this analysis, signal duration was normalized by dividing each signal duration by the maximum signal duration (12 s) and then centered with respect to the geometric mean of the 4-and 12-s anchor durations (6.93 s). The geometric mean of the two training durations is typically where the point of indifference (50% long responses) in bisection tasks is observed [58] . Accordingly, the model's intercept was at the geometric mean to test for any lesion effects on the point of indifference, as a measure of timing accuracy.
Experiment 2: progressive interval (PI)
There were several instances in which the rats did not show a breakpoint, so we analyzed the mean response rate over the course of the session as a function of the PI duration for each PI increment. The mean response rate was the number of responses in each PI duration divided by the PI duration and then multiplied by 60 to give a measure of responses/min. As previous research has shown an inverse relationship between interval duration and mean response rate [e.g.,47], greater sensitivity to PI duration would be evidentiated by greater decreases in mean response rate with increases in PI duration. This analysis included all data from the PI task except for the first session of the PI 5-s task; this first session was excluded because it was an acclimation session for the PI task. The PI increment was divided by the maximum increment (30 s) and the intercept was set at the minimum PI increment (5 s) by subtracting the minimum increment from the PI increment values. The predictor of PI duration (within a session) was divided by the maximum PI duration (630 s). Lastly, the mean response rate was log-transformed to account for positive skewness; the transformed response rates did not significantly deviate from normality. The best-fitting linear mixed-effects model included the Group × PI Increment × PI Duration interaction and all lower order interactions and main effects as fixed effects. The random-effects structure included intercept and PI duration as a slope.
Experiment 1: results and discussion
Histology
Histological analysis revealed that 11 lesioned rats had extensive bilateral damage to the NAc and that the sham rats had an intact NAc. Therefore, 11 lesion rats and 12 sham rats were included in the analysis. Fig. 2 provides a representation of the extent of the smallest and largest NAc lesions, as well as representative photomicrographs from the sham and lesion groups. . The latter indicates that the groups differed in their choice behavior at the intercept where both the SS and LL delivered 1 pellet. Here, because the SS and LL only differed in the delay to reward, the intercept provides a measure of delay preference, with more SS choices indicating a preference for the 1-pellet reward magnitude when available after 10 s. The NAc lesion group were more LL preferring at the intercept. Because choosing the LL would result in a longer delay for the same amount of food, and hence would lead to decreased reward earning over the session, the lesion group's behavior was suboptimal. There also was a significant Group × LL Magnitude interaction, t(17580) = −11.83, p < 0.001, b = −2.13, [−2.49, −1.78]. The lesion rats had a significantly shallower slope of their choice function, indicating that they had lower sensitivity to magnitude within the choice task.
Impulsive choice task
Overall, these results suggest dual deficits in choice behavior in the lesioned rats. The significant increase in LL choice behavior for the lesion group when the SS and LL choices delivered identical rewards indicates impaired delay preferences. Additionally, the reduced slope as a function of LL magnitude in the lesion group suggests impaired magnitude sensitivity in that the rats did not adjust their behavior as readily when the LL magnitude increased. . Accordingly, both groups significantly discriminated the large and small rewards, but there were no group differences in reward discrimination.
Reward magnitude discrimination task
Experiment 2: results and discussion
Histology
Histological analysis revealed that 11 lesioned rats had extensive bilateral damage to the NAc and that the sham rats had intact an NAc. Therefore, 11 lesion rats and 12 sham rats were included in the analysis. Fig. 5 shows the extent of the smallest and largest NAc lesions, as well as representative photomicrographs of the sham and lesion groups. .85], in that the lesioned group showed a shallower slope of their choice function compared to the sham control group. This indicates that the lesion impaired delay sensitivity, in that the rats did not adjust their behavior as readily when the LL delay was altered. Thus, it appears that the NAc lesions did not produce any deficits in temporal discrimination. , which was due to higher response rates in the NAc lesion group at the shorter PI increments. In accordance with the suggestion that the lesioned rats showed reduced delay sensitivity, there was a Group × PI Increment × PI Duration interaction, t(2422) = 3.20, p = 0.001, b = 0.12 [0.04, 0.19]. The three-way interaction indicates that the sham-lesioned rats showed sharper decreases in mean response rate as a function of PI duration compared to the NAc-lesioned rats, and the difference in slope between the groups decreased with increasing PI increments. Thus, the NAc lesions produced reduced sensitivity to changes in delay, especially at the shorter PI increments.
Choice behavior
Bisection task
PI task
General discussion
While there is an indication that (NAc) lesions increase impulsive choice behavior [23, 24, 28] , there is no strong consensus regarding the specific deficits that lead to alterations in impulsive choice. The present pair of experiments sought to: (1) determine the role of the NAc in an impulsive choice procedure that independently manipulated LL magnitude and delay in a steady state procedure; and (2) investigate the mechanisms associated with NAc dysfunction. It has been proposed that there are multiple processes involved in impulsive choice, and timing and reward processing are considered two of these key processes [36, 38] . Therefore, one goal of these experiments was to determine if NAc-driven alterations in impulsive choice behavior were due to deficits in timing and/or reward processing. To achieve this goal, reward discrimination, temporal discrimination, and incentive motivation to wait for delayed rewards were measured by separate tasks that have been shown previously to predict impulsive choice [38, 39] , to specifically assess the role of NAc lesions on these processes.
In Experiment 1, NAc lesions increased LL choices at the intercept within the magnitude task. The intercept provided an index of delay preference within the choice task in the absence of differences in magnitude, and therefore should yield a clear preference for the shorter delay (the SS in this case). Delay preference has not previous been explicitly tested, so this is a new finding that may shed insight into the role of the NAc in choice. In contrast, NAc lesions decreased LL choices at the intercept within the delay task (Experiment 2), where the C.C. Steele et al. Behavioural Brain Research 339 (2018) [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] intercept provided an index of magnitude preference in the absence of differences in delay. In this case, there should be a clear preference for the larger magnitude (the LL in this case). Here, the NAc lesions resulted in a preference for the SS reward, consistent with previous literature [23, 24, 28] . The combined results indicate that the NAc lesions did not uniformly promote impulsive choice, but rather led to suboptimal choice due to deficits in delay and magnitude preferences at the intercepts. This finding is an important addition to the literature, which has previously suggested that NAc lesions generally promote impulsive choice [23, 24, 28] . The analysis of the slopes in both tasks indicated reduced sensitivity to magnitude (Experiment 1) and delay (Experiment 2), observed as flatter slopes, providing converging evidence with the results from the intercept tests. Together, the evidence suggests that NAc lesions resulted in reduced sensitivity when time and magnitude information must be integrated, and this led to suboptimal delay and magnitude pReferences It is possible that the reduced sensitivity to magnitude/delay and the suboptimal preferences may have been due to impairments in acquisition of the choice task. The NAc lesions were conducted prior to any choice training, and so the lesions may have affected acquisition as well as steady state performance. However, the current procedure trained rats to a point of stability and the analysis was conducted at steady state performance, so any acquisition deficits would not be expected to strongly influence the analyses. Therefore, any effect on acquisition should be separate from the effects on steady state performance, particularly given the duration of training given here. Because the choice literature predominantly focuses on steady state performance, and our overall goals were to understand steady state mechanisms, further examinations of acquisition are outside of the scope of this article. However, future studies should aim to examine this issue.
The impulsive choice tasks were followed by secondary tasks to investigate the mechanisms critical to impulsive choice that might be disrupted by NAc lesions. There were no group differences in the reward magnitude discrimination (Experiment 1) or temporal discrimination tasks (Experiment 2). Thus, the NAc group could still discriminate between different magnitudes and delays, consistent with previous research that showed that NAc lesions do not impair magnitude discrimination in a separate task or when there was no delay to reward [59, 60] . These tasks have been previously shown to predict choice behavior, suggesting an important role for reward magnitude and delay discrimination processes in choice behavior [37, 39, 61, 62] . Instead, the deficits were apparent under preference assessments in which the NAc lesions impaired the ability to choose optimally across the range of choice parameters. The results indicate that, although discrimination may be important for choices, these processes most likely rely on other brain structures for their contribution to choice behavior.
Another factor that may explain the failure of the reward magnitude and bisection tasks to differentiate the lesion and sham groups is that both of these tasks have been previously shown to predict overall LL choices and not relate to the slope of the impulsive choice function [38, 39] . Therefore, it is conceivable that the discrimination tasks are a better indicator of overall impulsive choice levels rather than sensitivity to delay or magnitude. If this is the case, then these tasks would not be expected to detect the group effects in the present study, as the NAc lesions effects operated on magnitude and delay sensitivity.
The results of the PI task indicate that the lesion rats produced flatter slopes as the delay to reward was systematically increased, also indicating reduced delay sensitivity. The PI task results are consistent with the findings of shallower slopes in the choice task. The response rate measure within the PI task is an index of incentive motivation to wait for rewards, by responding in anticipation of reward delivery, as the duration increases. The results suggest that the NAc lesion may have impaired the ability to update computations of overall reward value when new delays were encountered in subsequent phases. The deficits in the PI task may possibly emerge from the same processes as the impairments in choice behavior in that the computation of the overall motivational value of the SS and LL may have been impaired, thus leading to suboptimal choice behavior and more persistent behavior in the PI task. Further research should aim to explore specific mechanisms of overall value computation, the contribution of delay and magnitude sensitivity to value computation, and factors that promote suboptimal choice. An investigation of the connectivity between the NAc and prefrontal cortex, which has been implicated as a key structure in the integration of reward information, could provide further information about the specific mechanisms.
The differences in results between the present and previous findings [23, 24, 27, 28] could be due to the analytical approach. Unlike traditional analysis techniques (e.g., ANOVA), the regression techniques used in the present experiments were able to assess delay/magnitude preferences as well as sensitivity to delay/magnitude using analysis of intercepts and slopes, respectively [57] . ANOVAs are categorical statistical analysis techniques and thus would treat continuous variables such as delay/magnitude as categorical, which is not ideal. Moreover, choice is a binomial variable and should be analyzed with a logistic regression rather than an ANOVA, which is designed for normally-distributed dependent variables.
Another advantage of the regression approach was testing the intercepts, which would not normally be tested in an ANOVA. Intercept tests showed that NAc lesions produced suboptimal preferences in both studies, which led to increased LL choices in Experiment 1 and decreased LL choices in Experiment 2. Similar to Experiment 2, Cardinal et al. [23] found a suboptimal preference for the smaller reward (SS) when the delays were both 0 s, but most studies have not attempted to parse out different effects of the lesions on the slope and intercept. Testing the slopes showed that NAc lesions produced shallower slopes indicating reduced sensitivity to delay and magnitude. In the previous literature, some have found reduced sensitivity to delay and/or magnitude as we found here [27] , while others have not [28, 35] . In addition, several studies found that lesion/inactivation of the NAc leads to shallower slopes with changes in the choice parameters [23, 27, 35] , but these effects were not explicitly assessed in the analyses. An additional factor is the inclusion of random effects in the present analyses, which account for individual differences in task performance. Mixed effects models are more resistant to Type I error and generalize more effectively to population means [53, 54] . Overall, the regression approach may provide better sensitivity to detect and isolate the effects of lesions on choice behavior and supply more robust and replicable findings.
In addition to differences in analyses used in impulsive choice research, the type of choice procedure has also varied across experiments. Many of the previous NAc lesion studies have used dynamic procedures where the choice parameters are changed frequently within a session. The adjusting procedure changes the delay and magnitude parameters depending on recent choices to identify an indifference point [63] . On the other hand, the within-session procedure of Evenden and Ryan [64] delivers experimenter-determined delays that are changed systematically within a session. The present studies utilized a between-session systematic procedure in which the delays changed systematically across blocks of sessions.
Peterson et al. [43] compared choice behavior between an adjusting procedure, a within-session systematic procedure, and the betweensession systematic procedure in manipulating LL delays. They found that the adjusting procedure resulted in elevated impulsive choices, and poor tracking of the delays [also see 42 for evidence of increases in random choices]. While performance on the two systematic procedures was similar after extensive training, the within-session procedure took substantially more training to achieve stable asymptotic performance and this may have been due to the rats' learning the sequence of delays within a session, which complicates interpretations in terms of reward parameters.
Relevant to this issue, Acheson et al. [27] investigated NAc lesion effects on choice in an adjusting procedure with different schedules of delay and magnitude changes. The NAc lesions had no effect on an adjusting amount procedure where the delays were constant, but led to flatter functions and increased LL choices when the delay was changed daily. When the rats experienced challenge tests, the NAc lesions reduced sensitivity to acute changes in both delay and magnitude of reward. They proposed that the lesions impaired the rats' ability to adapt to changes in the value of delayed rewards rather than affecting delay tolerance or overall impulsive choice. The results provide some direct evidence indicating that changes in reward magnitude and delay can impact the observed effect of NAc lesions and concurs with the present findings in the NAc lesion group. In contrast, previous research using adjusting delay schedules has suggested that NAc lesions do not disrupt sensitivity to short-term changes in delay [24, 26] . Due to the inherent oscillations in choice parameters in adjusting delay schedules, these latter studies employed Fourier transform analyses to show that the periodicity of these oscillations was not affected by NAc lesions, thus concluding that NAc lesions did not impair rats' ability to detect local changes in reward delay. However, as alluded to above, even non-lesioned animals have difficulty tracking local changes in reward delay in adjusting schedules [43] , suggesting that such analyses of trial-by-trial dynamics may not effectively capture individuals' sensitivities to delay. Ultimately, as these different procedures may engage somewhat different processes, further research should examine the contribution of the NAc to different aspects of these procedures.
In conjunction with previous research, the present results further indicate that NAc lesions alter impulsive choice behavior by increasing suboptimal choices at the intercept, where the SS and LL differ along only one dimension. In addition, the present experiment furthered our understanding of NAc dysfunction, indicating that deficient choice behavior is driven by reduced sensitivity to changes in delay or magnitude. The present experiments suggest that the alterations in impulsive choice behavior are not a result of poor discrimination abilities and that NAc lesions do not result in a general inflation of impulsive choice. One possible explanation for the current findings is that the NAc may compute overall reward value incorporating both delay and magnitude information [65] to inform choice behavior, but is not critical for processing the specific delay or magnitude information. Previous attempts to analytically dissect mechanisms of choice have postulated that reward value is the function of a multiplicative integration of hyperbolic functions characterizing changes in the properties of a reward [e.g.,magnitude,delay to receipt,probability of receipt ; 66] . While the current results may suggest that impaired delay and magnitude sensitivities in the lesion group could quantitatively manifest themselves in delay-and magnitude-based hyperbolic parameters, these hyperbolic models do not effectively account for the relationship between choice performance and psychophysical processes; in these models, greater changes in choice behavior as a function of reward delay (i.e., greater sensitivity to delay) equates to greater discounting of reward (i.e., greater impulsivity), which contradicts current and past results [38] .
Moreover, the current results suggest that rather than there being an impairment in specific delay and magnitude processing, NAc lesions impair the integration of different sources of reward-based information. Indeed, the impaired ability to integrate and/or update representations of reward may ultimately explain the reduced sensitivity to changing parameters in the impulsive choice and PI tasks. The present results further suggest that an intact NAc may be necessary for optimal choice behavior, rather than simply promoting LL choices. Overall, the results are consistent with the proposal that the NAc is involved in the integration of reward and delay to determine overall value [e.g. 27, 35] , which is critical for making "well informed" choices that optimize reward earning.
